Abstract Impaired memory may result from synaptic glutamatergic dysregulation related to chronic neuroinflammation. GLT1 is the primary excitatory amino acid transporter responsible for regulating extracellular glutamate levels in the hippocampus. We tested the hypothesis that if impaired spatial memory results from increased extracellular glutamate due to age or experimentally induced chronic neuroinflammation in the hippocampus, then pharmacological augmentation of the glutamate transporter GLT1 will attenuate deficits in a hippocampal-dependent spatial memory task. The profile of inflammation-related genes and proteins associated with normal aging, or chronic neuroinflammation experimentally-induced via a four-week LPS infusion into the IV th ventricle, were correlated with performance in the Morris water maze following treatment with Riluzole, a drug that can enhance glutamate clearance by increasing GLT1 expression. Age-associated inflammation was qualitatively different from LPS-induced neuroinflammation in young rats. LPS produced a pro-inflammatory phenotype characterized by increased IL-1ß expression in the hippocampus, whereas aging was not associated with a strong central pro-inflammatory response but with a mixed peripheral immune phenotype. Riluzole attenuated the spatial memory impairment, the elevation of serum cytokines and the decrease in GLT1 gene expression in Aged rats, but had no effect on young rats infused with LPS. Our findings highlight the therapeutic potential of reducing glutamatergic function upon memory impairment in neurodegenerative diseases associated with aging.
Introduction
Neuroinflammation may contribute to impaired learning and memory and, ultimately, neurodegeneration (Akiyama et al. 2000) via dysregulation of synaptic glutamatergic signaling, (Rosi et al. 2004 (Rosi et al. , 2005 . Indirect evidence from our previous studies suggests that extracellular glutamate is elevated in the brain with age and under conditions of chronic neuroinflammation, and that this dysregulation underlies impaired learning and memory (Rosi et al. 2004 (Rosi et al. , 2005 . Compounds that attenuate excess glutamatergic signaling through pre-and post-synaptic mechanisms can ameliorate the spatial memory deficit and attenuate microglia activation in LPS-infused young rats (Brothers et al. 2010; Rosi et al. 2006 Rosi et al. , 2009 as well as in aged rats (Bardou et al. 2012) . These studies are consistent with the hypothesis that attenuation of increased glutamatergic signaling is sufficient to prevent cognitive deficits associated with natural aging and those due to inflammation.
Glutamate transporter 1 (GLT1; excitatory amino-acid transporter-type 2) is the primary excitatory amino acid transporter responsible for the termination of glutamate signaling (Lehre et al. 1995) , and predominantly located on astrocytes (Milton et al. 1997) , a cell population that changes dramatically with age and after central LPS infusion (Cerbai et al. 2012) . Riluzole (Ril), currently used to treat amyotrophic lateral sclerosis, can significantly enhance glutamate clearance via an increase GLT1 expression and reduction in pre-synaptic release (Yoshizumi et al. 2012) . The current study investigated whether Ril could prevent cognitive deficits associated with aging or experimentallyinduced chronic neuroinflammation produced by infusion of LPS into the IV th ventricle and also restore the balance of pro-and anti-inflammatory genes and proteins.
Methods
Experimental groups Young (3 months) Fisher F-344 (NIA) rats, infused with either LPS or artificial cerebral spinal fluid (aCSF), and aged (24 months) rats were treated with Ril or vehicle, generating six experimental groups: aCSF (n=7), aCSF Ril (n=8), LPS (n=7), LPS Ril (n=8), Aged (n=8) and Aged Ril (n=10). Experiments were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) .
Surgery Neuroinflammation was induced in young rats by continuous intracerebroventricular (i.c.v.) infusion over 3 weeks of LPS (0.25 μg/hr., 1 mg/ml dissolved in aCSF; E. coli, serotype 055:B5, TCA extraction; Sigma, St. Louis, MO), and controls were infused with aCSF (140 mM NaCl, 3.0 mM KCl, 2.5 mM CaCl 2 , 1.0 mM MgCl 2 , and 1.2 mM Na 2 HPO 4 adjusted to pH 7.4). A cannula was implanted into the IV th ventricle and attached to an osmotic minipump (0.25 μl/hr., Alzet model #2004; Durect Corp., Cupertino, CA) as previously described (Hauss-Wegrzyniak et al. 1998 ). Treatment with Ril or vehicle began the day after surgery in young rats, or 1 week after arrival in aged rats, and continued daily for 3 weeks. Ril (Selleck Chemicals, Houston, TX) 4 mg/kg/day intraperitoneal (i.p.) was dissolved at 8 mg/ml into the vehicle 50 % polyethylene.
Spatial memory Spatial learning and memory was tested in the Morris water maze, a task sensitive to both hippocampal damage and LPS-induced neuroinflammation, as previously described (Hauss-Wegrzyniak et al. 1998) . Latency to find the platform, distance traveled, speed, thigmotaxis (time spent in the pool perimeter) and other variables were tracked and recorded (Noldus EthoVision 3.1, Noldus, Leesburg, VA).
Biochemical analysis Each rat was deeply anesthetized, rapidly decapitated and serum was collected and stored (−80°C). The hippocampus from one hemisphere of each rat was stored (−80°C) and later homogenized for RNA extraction and the hippocampus from other hemisphere was immediately homogenized and stored (−80°C) for later protein analysis. Gene and protein expression of inflammatory markers were used to approximate inflammatory phenotypes. Hippocampi from both hemispheres of a separate group of young rats infused with aCSF or LPS were homogenized immediately for flow cytometry.
Quantitative polymerase chain reaction (qPCR) determined (Bio-Rad, model CFX96, C1000 Thermal Cycler) expression of the following genes: toll-like receptor 4 (TLR4, the microglial receptor for LPS); the proinflammatory cytokines interleukin-1β (IL-1ß), IL-1α and tumor necrosis factor-α (TNFα); the anti-inflammatory cytokines transforming growth factor-β (TGFß), fractalkine (CX3CL1) and its receptor CX3CR1; brain-derived neurotrophic factor (BDNF); the glutamate transporter GLT1 and the glutamate-cystine anti-porter (xCT); and the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Protein expression in hippocampal tissue and serum were evaluated in each sample simultaneously using a bead-based immunoassay (MAGPIX system, Bio-Rad) for their content of granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-γ (IFNγ), IL-1α, IL-1ß, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, and TNFα.
Microglia surface expression of the major histocompatibility complex-type II (MHCII), TLR4, CX3CR1 and GLT1 was examined by flow cytometry in a group of young aCSFand LPS-infused rats (Wynne et al. 2009 ). Flow cytometric data were analyzed using FlowJo software (Tree Star, San Carlos, CA).
Statistics SigmaStat (Jandel) and SPSS (IBM) software were used to compare groups by analysis of variance (ANOVA) and repeated measures ANOVA with Fisher LSD post-hoc tests, to perform paired t-tests, and to perform Pearson correlation coefficients.
Results
Spatial memory Reduced latency to find the hidden platform in the Morris water maze is used as an indicator of spatial learning and memory (Fig. 1a) . A 3-way repeated measures ANOVA revealed a main between-subjects effect of inflammation group (aCSF, LPS or Aged; F 2, 56 =76.005, p<0.001), a main within-subjects effect of trial day (F 3, 168 = 67.852, p<0.001), and an interaction between inflammation group and trial day (F 6, 168 =10.416, p<0.001). Post-hoc analysis indicates that aCSF controls found the platform in less time than LPS controls and Aged controls (*p<0.001). Paired t-tests were conducted between the first and last trial day within each group. Generally, all groups improved across days except Aged rats, unless treated with Ril ( †t= 2.602, p=0.035).
Reduced path length is another indicator of improved memory performance. A 3-way repeated measures ANOVA of total distance swam (Fig. 1b) revealed a main between-subjects effect of inflammation condition (F 2, 56 = 54.450, p<0.001) and a main within-subjects effect of trial day (F 3, 168 =27.811, p<0.001) as well as interactions between inflammation group and drug treatment (F 4, 56 = 3.203, p=0.019), inflammation group and trial day (F 6, 168 Fig. 1 Spatial memory performance. a Latency to find the hidden platform. LPS-infused controls and Aged controls were impaired (*p <0.001) compared to young aCSF-infused rats. The performance of Aged rats improved across days only when treated with Ril ( †t=0.035). b Distance. LPS controls swam a greater distance than aCSF controls and Aged controls (*p≤0.036). c Swim Speed. Aged rats swam the most slowly (*p≤0.001). d Thigmotaxis. Aged controls spent the greatest percentage of time within the pool perimeter (*p<0.001). e Probe Trial. Both LPS and Aged groups spent less time in the vicinity of the missing platform than aCSF-infused rats (*p≤0.001) =15.209, p<0.001), and an 3-way interaction between inflammation condition, drug treatment and trial day (F 6, 168 = 1.825, p=0.048). Post hoc analysis revealed that LPS controls swim more overall distance than aCSF controls and Aged controls (*p≤0.036).
Swim speed was compared between groups because differences in velocity confound the interpretation of differences in latency and distance (Fig. 1c) . A 3-way repeated measures ANOVA revealed a main between-subjects effect of inflammation condition (F 2, 56 =88.367, p<0.001), a main withinsubjects effect of trial day (F 3, 168 =48.155, p<0.001) , and an interaction between inflammation condition and trial day (F 6, 168 =21.980, p<0.001). Post hoc analysis indicates that Aged controls swim with significantly less velocity than young, aCSF-or LPS-infused controls (*p<0.001).
Thigmotaxis is time spent on a poor strategy (Fig. 1d) . A 3-way repeated measures ANOVA revealed a main between-subjects effect of inflammation condition (F 2, 56 = 54.553, p<0.001), a main within-subjects effect of trial day (F 3, 168 =89.923, p<0.001), and an interaction between inflammation condition and trial day (F 6, 168 =8.013, p< 0.001). Post hoc analysis indicates that Aged controls spend a greater percentage of trial time in the pool perimeter than young, aCSF-or LPS-infused controls (*p≤0.001).
A probe trial was conducted after the completion of 6 trials on the fourth day (Fig. 1e ). There was a main effect within inflammation group (F 2, 64 =51.82, p<0.001). Young aCSF rats spent more time in the vicinity of the missing platform than LPS or Aged controls (*p<0.001), which both performed similarly at chance levels. No drug treatment had an effect on the amount of time spent near the missing platform.
Immune phenotype IL-1ß increased in all LPS-infused rats compared to aCSF-infused and Aged (*p<0.001, Fig. 2a) . Glutamate transport and glutamate-cystine exchange were evaluated by investigating GLT1 (Fig. 2a) and xCT gene expression in hippocampus. There was a main effect of inflammation group (F2, 67=6.4, p=0.003) in which Aged controls express less GLT1 gene than both aCSF and LPS controls (**p≤0.014), unless treated with Ril ( §p=0.028) indicating that Ril restores glutamate transport in aged rats. There were no differences in expression of xCT gene. LPS controls expressed more IL-1α and IL-1ß than aCSF or Aged controls (*p≤0.003, Fig. 2b ); treatment with Ril had no significant effect. Serum cytokine protein expression (Fig. 2c) was not elevated after 4 weeks of LPS infusion. There were, however, main effects inflammation group (p≤ 0.031) in which pro-inflammatory cytokines IL-1ß (*p= 0.007) and IL-2 (**p≤0.042) and anti-inflammatory cytokines IL-4 (*p=0.017) and IL-10 (**p≤0.037) were elevated in Aged controls, indicating a mixed peripheral immune phenotype.
Microglia activation state was determined in young aCSF-and LPS-infused rats by flow cytometry. Hippocampal microglia (CD11b/c + cells) increased surface expression of the LPS receptor TLR4 and the proinflammatory markers MHCII and GLT1, but not the antiinflammatory CX3CR1 (*p<0.05; Fig. 2d-g ). MHCII is classically used to identify microglial activation, although is still present in an alternative activation state; while GLT1 on microglia is consistent with an M1-type proinflammatory profile (Colton and Wilcock 2010; Colton 2009; Persson et al. 2005) .
Correlations TLR4 gene expression correlated with increased latency to find the hidden platform (r=0.321, p= 0.010) and increased distance traveled (r=0.358, p=0.003) among all comparisons; these relationships were stronger between aCSF and LPS. TLR4 expression correlated with thigmotaxis when only aCSF and Aged are analyzed (r= 0.319, p=0.037). IL-1ß and IL-1α expression in the hippocampus correlated with poor performance on the last testing day in the Morris water maze when only aCSF and LPS groups are compared. Il-1ß gene expression, IL-1ß protein expression and IL-1α protein expression correlated with increased time to find the hidden platform, increased swim path, and reduced time spent in the vicinity of the missing platform during the probe trial (p≤0.05), and Il-1ß protein expression correlated with increased time spent circling the pool perimeter (r=0.352, p=0.030). GLT1 gene expression correlated with reduced latency to find the hidden platform (r=−0.295, p=0.019) and increased time spent in the vicinity of the missing probe when all data points were compared (r=0.323, p=0.010). These correlations were stronger when only aCSF and Aged groups were compared, and strongest when drug treated rats were not included. Time spent in the perimeter of the pool (thigmotaxis) is negatively correlated with GLT1 gene expression (r = −.0538, p = 0.0473), and positively correlated with xCT gene expression (r =0.518, p = 0.048) when aCSF and Aged controls were examined.
Discussion
We found that LPS-induced neuroinflammation in young rats was qualitatively different from age-associated inflammation. LPS induced a central pro-inflammatory phenotype, whereas aging was not associated with a strong central proinflammatory response but was associated with a mixed immune phenotype. The LPS-induced memory impairment correlated with the presence of the pro-inflammatory cytokines IL-1α and IL-1ß as well as the presence of the LPS binding site, TLR4 on microglia. The age-associated memory impairment, in contrast, did not correlate with the presence of inflammation markers, other than TLR4, but did correlate with a decrease in GLT1 gene expression. Furthermore, Ril treatment in aged rats restored GLT1 gene expression levels and allowed aged rats to improve their performance across trial days in a spatial memory task. In the brains of patients with Alzheimer's disease (AD) the amyloid-β peptide significantly reduces GLT1 surface expression, leading to increased levels of synaptic glutamate (Scimemi et al. 2013) . These data highlight the potential Fig. 2 Blood and brain biochemistry. a Hippocampal gene expression. IL-1ß total gene expression relative to aCSF controls was elevated in LPS infused rats as compared to aCSF and Aged rats (*p< 0.001). GLT1 total gene expression relative to aCSF controls was reduced in Aged rats, as compared to aCSF and LPS controls (**p≤0.014), and reversed by Ril treatment ( §p= 0.028). b Hippocampal protein expression. IL-1ß and IL-1α protein levels were elevated in LPS infused rats, as compared to aCSF and Aged rats (*p≤ 0.003). c Serum protein expression levels. IL-1ß and IL-4 were elevated in Aged rats as compared to aCSF rats (*p= 0.017) and IL-10 and Il-2 were elevated in Aged rats as compared to both aCSF and LPS rats (**p≤0.037). d-f Flow cytometry analysis of CD11b/c-IR microglia in hippocampus. Four weeks of LPS infusion into the IV th ventricle of young rats induced an increase in MHCII (d), TLR4 (e) and GLT1 (f) on a subset of the total microglia population relative to aCSFinfused rats (*p<0.05). Fractalkine receptor (CX3CR1) levels on the microglia (g) were unchanged clinical use of Ril in age-associated memory decline and neurodegenerative diseases, such as AD.
Inflammation generated by continuous LPS infusion was characterized by elevations in IL-1α and IL-1ß protein in the hippocampus, as well as increased microglial surface expression of MHCII, GLT1 and TLR4. IL-1ß gene expression was dramatically increased after LPS infusion, but LPS-induced changes in expression of other genes were not observed. Flow cytometry confirmed that TLR4 surface expression on microglial increased after LPS infusion in young rats, suggesting that microglia were still able to respond to LPS. Elevated pro-inflammatory markers (IL-1α, IL-1ß, MHCII and GLT1) in the absence of changes in anti-inflammatory markers (IL-4, IL-10, TGFß, CX3CL1, CX3CR1) suggest that after 3 weeks of continuous LPS infusion the hippocampus remained in a pro-inflammatory state.
LPS-induced memory impairment correlated with TLR4 gene expression and the level of pro-inflammatory cytokines IL-1α and IL-1ß. TLR4 gene expression correlated with poor performance in the water maze task, although TLR4 gene expression was not significantly elevated. This correlation was expected given that activation of TLR4 receptors by LPS is the first step in the pro-inflammatory cascade. The relationship between TLR4 gene expression and cognitive performance was more interesting in the aged rats in which there was no experimental activation of TLR4 by LPS. In aged rats, more TLR4 could reflect a recent immune challenge; this was supported by the elevation of both pro-inflammatory (IL-1ß and IL-2) and antiinflammatory cytokines (IL-4 and IL-10) in the serum of aged rats that were not elevated in young aCSF-or LPSinfused rats.
Although LPS-induced neuroinflammation may drive memory impairment through glutamatergic dysregulation, and our previous studies indicate that reducing pre-and post-synaptic glutamatergic function attenuates this impairment (Brothers et al. 2010; Rosi et al. 2006 Rosi et al. , 2009 , Ril treatment was ineffective against the LPS-induced memory impairment in the current study. In young rats, Ril treatment did not change GLT1 gene expression or effect water maze performance. This may be partially explained by the ability of elevated IL-1ß to increase the velocity of cystineglutamate exchange by xCT, which elevates extracellular glutamate levels (Fogal et al. 2007) , and to reduce GLT1 on astrocytes, which decreases glutamate uptake (Prow and Irani 2008) leading to a hyperglutamatergic state (Kamikawa et al. 1998; Mascarucci et al. 1998) ; we speculate that these processes counteracted any benefit that was produced by the Ril treatment in young rats.
In contrast to young rats, Ril treatment reversed the ageassociated decrease in GLT1 gene expression and decreased serum cytokine levels. Ril had a positive effect on the spatial learning and memory performance of aged rats in the water maze task, i.e. aged rats given Ril found the hidden platform more quickly on the last trial day as compared to the first trial day. In contrast, untreated aged controls did not improve across testing days. Reduced latency to find the hidden platform across testing days also corresponded with slightly increased swim speed and reduced time spent in the pool perimeter.
Unlike LPS-infused young rats, the inflammatory phenotype in aged rats did not explain spatial memory impairment. Age-related elevations in cytokines were only observed in the serum and included the pro-inflammatory cytokines IL-1ß and IL-2 in addition to the anti-inflammatory cytokines IL-4 and IL-10; indicating a mixed peripheral immune phenotype. Ageassociated neuroinflammation is characterized by an increased number of hippocampal microglia expressing the MHCII surface marker, albeit fewer than in LPSinfused young rats ( Barrientos et al. 2010; Bardou et al. 2012; Rosi et al. 2005) . The number of MHC II immunoreactive microglia in the hippocampus of aged rats does not correlate with cognitive impairment (HaussWegrzyniak et al. 1999; Van Guilder et al. 2011) . The hippocampal cytokine profile of the aged rats in this study did not differ from young aCSF-infused rats, suggesting that the increased presence of MHCII immunoreactive microglia in the hippocampus does not necessarily indicate a proinflammatory environment.
We speculate that the age-associated memory impairment was due to dysregulation of glutamatergic homeostasis. GLT1 gene expression was reduced significantly in aged rats compared with young aCSF-infused rats; Ril treatment significantly increased GLT1 gene expression. The reduction in GLT1 in our aged F-344 rats was consistent with both an observed decrease of GLT1 in aged SpragueDawley rats that was associated with reduced glutamate uptake, and in aged humans (Lehre et al. 1995; Milton et al. 1997; Potier et al. 2010 ). GLT1 expression is reduced in early stages of AD in the hippocampus but not in the cerebellum, a region that is spared from pathology (Jacob et al. 2007 ). GLT1 increases in parallel with astrogliosis in brain regions with the greatest pathology in AD (Masliah et al. 1996) but is reduced globally in autopsied AD brains as compared to non-AD controls (Scott et al. 2011) . Increased astrogliosis and GLT1 expression in regions with AD pathology may be interpreted as a compensatory response in order to clear more glutamate from the synapse. Glutamate transport in patients with AD pathology tested in fibroblasts was decreased by 60 % compared to controls (Begni et al. 2004) , and splice variants that decrease glutamate transport are increased with regional variability in autopsied AD tissue (Scott et al. 2011) . Furthermore, GLT1 interacts with the predominant AD pathology, i.e. it interacts with phosphorylated tau and is colocalized with neurofibrillary tangles in AD patients (Sasaki et al. 2009; Woltjer et al. 2010) . GLT1 is also colocalized with Aß in AD tissue and is oxidized by Aß to a detergent insoluble form that is associated with progression of AD cognitive impairment (Lauderback et al. 2001; Li et al. 1997; Woltjer et al. 2010) . Decreases in GLT1 and glutamate clearance in aged rats, in healthy aged humans and in AD suggest the involvement of glutamatergic dysregulation in age-associated memory loss and neurodegenerative disease.
GLT1 and xCT were the only markers examined, in addition to TLR4, which correlated with poor spatial memory in aged rats. Higher GLT1 levels correlated with successful water maze performance (decreased latency and thigmotaxis, increased time spent in the area of the missing platform), while xCT inversely correlated with successful water maze performance (increased thigmotaxis) when young aCSF-infused and aged rats were compared. The opposing functions of GLT1 and xCT on synaptic glutamate may explain their opposite relationships with cognitive performance. Less GLT1 in aged rats could result in a retardation and/or reduction in glutamate clearance, and potentially prolong the post-synaptic response to pre-synaptic glutamate release. Furthermore, reduced clearance by GLT1 in the presence of glutamate export by xCT may amplify accumulation of glutamate in the synapse.
Excessive extracellular glutamate may impair spatial memory directly, as discussed above. Furthermore, elevated extracellular glutamate may also depolarize the postsynaptic membrane and engage extrasynaptic NMDARs that express more NR2B subunits, which are more likely to lead to cell death then synaptically located NDMARs with the predominant 2A subunit (Hardingham and Bading 2010; Potier et al. 2010) . Therefore, elevating glutamate clearance by GLT1 not only has therapeutic potential as a mediator of memory function, but may also be diseasemodifying in neurodegenerative diseases associated with memory loss.
The correlations between GLT1 and xCT expression with spatial learning and memory in aged rats suggest that the pharmacological enhancement of GLT1 and modulation of the glutamatergic system in general may lead to diseasemodifying treatments for AD. Already, drugs that modify glutamatergic function including Memantine, a noncompetitive NMDAR antagonist, and the anti-epileptic Levetiracetam (Keppra) are currently being used or tested for use, respectively, in AD Sanchez et al. 2012) . Ril and other drugs that might enhance glutamate clearance are currently in clinical trials for use in AD, amyotrophic lateral sclerosis and multiple sclerosis; highlighting the therapeutic potential of enhancing glutamate transport in diseases characterized by neuroinflammation and neurodegeneration. Enhancing glutamate uptake within the tripartite synapse is likely to counteract the effects of neuroinflammation as well as improve cognition in AD, and will be a beneficial part of a multifactorial treatment approach to AD.
